Objectives: cGMP has been shown to exert both stimulatory and inhibitory effects on cardiac L-type calcium current (I ). The 2.460.6 nM) and only 100 nM isoproterenol was required to stimulate I maximally (21.460.7 pA / pF) to a level (23.861.6 pA / pF) Ca achieved with the inclusion of 100 mM cAMP in the pipette solution. GSNO produced an additive effect on I already stimulated by Ca either 10 mM isobutylmethylxanthine (phosphodiesterase inhibitor) or a low concentration (1 nM) isoproterenol but failed to produce any effect on I maximally stimulated by 100 nM isoproterenol. Inhibition of PKG by KT-5823 significantly decreased the efficacy of Ca isoproterenol and the maximal I achieved with 100 nM isoproterenol was decreased to 8.260.6 pA / pF in the presence of Western blot analysis showed much higher expression of PKG in atrial cells compared to ventricular cells. Conclusions: These findings suggest that stimulatory effects of cGMP on I in rabbit atrial cells are likely to be mediated via PKG dependent phosphorylation of Ca calcium channels or associated proteins and that the effects of cGMP are not antagonistic to cAMP. PKG is highly expressed in atrial cells and PKG dependent phosphorylation may be necessary for maintaining basal I and fully stimulating I by b-adrenergic activation in Ca Ca atrial cells.
Introduction
orientation, and cellular electrical coupling. Nevertheless, all of the regions of the heart are simultaneously exposed Regulation of I is a complex interaction among many to circulating hormones as well as drugs which are used Ca factors, including circulating hormones, localized release for treatment of the symptoms of cardiac dysfunction even of neurotransmitters, intracellular release and accumulation though the dysfunction may not be uniformly present in of calcium, and the effects of many pharmacological different cardiac regions. We recently demonstrated the agents. The heart is a complex organ with many regional importance of basal values of I and the effects of Ca variations in cell membrane properties, cell shape and modulating I on the ability of cells to propagate action Ca potentials [9] . There has been increasing interest in the action potential duration and refractoriness of atrial cells as *Corresponding author. Tel.: 11-404-727-5747; fax: 11-404-727-6024.
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important components of the maintenance of atrial fibrillaboth stimulatory and inhibitory effects of cGMP. Various studies on the effects of cGMP on the L-type myocytes. In the present study, we examined the effects of calcium current (I ) in different species have failed to cGMP on I by elevating cGMP levels (either by intracelCa Ca observe consistent effects of cGMP. Most of the previous lular application of cGMP analogs or by stimulating Gstudies on effects of cGMP on I were focused on cyclase by a NO donor) and by lowering cGMP levels (by Ca ventricular cells and it was generally shown that cGMP G-cyclase inhibitors methylene blue or ODQ). We have exerts opposite contractile and electrical responses in the also examined the response of elevated cGMP levels in the heart to those elicited by cAMP. Both inhibitory [8, 17, 28] presence of inhibitors of PDEs, PKA or PKG to elucidate and stimulatory [21] effects of cGMP on I in ventricular the mechanism of cGMP action on I in rabbit atrial cells.
Ca Ca myocytes have been observed, especially in the presence of To study the interaction between PKA and PKG mediated elevated cAMP levels. cGMP activates a specific cGMP pathways on I , we initially examined the effects of Ca dependent protein kinase (PKG) which can phosphorylate b-agonist isoproterenol and the intracellular application of a number of proteins and can also stimulate or inhibit cAMP to elucidate cAMP mediated regulation of I in Ca specific phospodiesterases (PDEs) to produce either anrabbit atrial cells and then we tested the response of tagonistic or synergistic effects with cAMP elevating isoproterenol under the conditions of PKG inhibition by agents. Three pathways for the modulation of I by cGMP KT-5823. We also analyzed specific expression of PKG Ca have been demonstrated: (i) activation of an endogenous protein in homogenates of atrial and ventricular cells to PKG, which leads to the stimulation of I in newborn [16] determine the significance of PKG levels in the regulation Ca or juvenile [6] but not adult [16] rabbit ventricular cells of cardiac calcium channels. and leads to inhibition of I in guinea pig [17, 21] [21] .
Single atrial and ventricular myocytes were prepared Most of the previous studies have shown no significant from adult New Zealand White rabbits weighing 2.5-3.5 effect of cGMP on basal I , i.e. in the absence of elevated Ca kg as we described earlier [5, 13] . The rabbits were cAMP. However, we have recently shown [16] that elevaheparinized with 500 U heparin i.v., and anesthetized using tion of intracellular cGMP level either by internal perfu-50 mg / kg pentobarbital. The heart was rapidly removed sion of cGMP analogs or by stimulation of guanylyl via thoracotomy with artificial respiration, and the aorta cyclase (G-cyclase) by NO donors, significantly stimulates was cannulated for Langendorff perfusion. For atrial cells, basal I in newborn rabbit ventricular cells but not in Ca the cannulated heart was perfused sequentially at 378C adult rabbit ventricular cells. We have also shown that the with the base solution containing 0.9 mM CaCl for 4 2 basal levels of cGMP in isolated ventricular myocytes min., the base solution containing 50 mM EGTA for 5 were significantly higher in newborn compared to adult min., and the base solution containing 100 mM CaCl , 1 2 heart [14] . Our recent work on cDNA cloning and expresmg / ml collagenase (Worthington-type IIA), and 0.07 mg / sion of PKG in rabbit heart cells [15] has clearly shown ml protease (Sigma-type XIV) for 6 min at 36-378C. After that PKG mRNA and protein levels were much greater in enzyme perfusion, the interatrial septum was excised, cut newborn rabbit ventricular cells compared to adult rabbit into thin strips, and further digested in the recirculated ventricular cells. In contrast to our studies on adult rabbit enzyme solution used above for 5-8 min at 36-378C with ventricular cells, Han et al. [7] have shown PKG-depencontinuous stirring. Cells were isolated by triturating the dent stimulation of basal I , while Tohse et al. [26] have Ca tissue strips in storage solution and were then placed at shown a small reduction (15-20%) in basal I by atrial Ba 48C in storage solution. Single ventricular cells were natriuretic peptide and by extracellular application of 300 isolated as we described earlier [13] . Isolated cells were mM 8BrcGMP. These findings suggested that cGMP may stored at 48C. be physiologically important for the regulation of I in Ca newborn rabbit ventricular cells but not in adult rabbit ventricular cells. Compared to ventricular cells, not much work has been  done on atrial cells and very little is known about the role The cells were placed in a chamber that was continuousof cGMP on I in atrial cells. The work by Fischmeister ly perfused with normal Tyrode's solution at 2 ml / min at Ca and colleagues [11, 24] on human atrial cells has shown room temperature. The cells that were quiescent and had a rod shaped appearance were used in this study. Voltage-2.4. Preparation of total homogenates from isolated clamp experiments were performed as we described earlier cells [22] in the whole cell configuration of the patch-clamp method by use of an Axopatch-200 patch-clamp amplifier
Recording of whole cell calcium current
The total homogenates from isolated adult rabbit atrial (Axon Instruments, Foster City, CA, USA). For routine and ventricular cells were prepared by a method we monitoring of I , the cells were depolarized every 10 s described earlier [15] . Briefly, isolated cells were The elicited I was filtered at a corner frequency of 2 tion. The homogenate was then centrifuged at 100 g for 5 Ca kHz, digitized at 200-ms intervals, and stored and analyzed min to separate the unbroken cells, and the supernatant on a Pentium computer using PCLAMP6 software (Axon (total homogenate) was stored at 2708C in small aliquots. Instruments). I was measured as the peak inward current.
Protein was determined by a dye method (Bio-Rad,
Ca
Membrane capacitance was measured using the calibrated Hercules, CA, USA). capacity compensation circuit of the Axopatch voltage clamp amplifier using 5 mV hyperpolarizing pulses. We 2.5. Western blot analysis expressed all the current data as current density (pA / pF) by normalizing the peak calcium current for each cell to
Immunological characterization and quantification of the the cell capacitance. Cells (10-20%) which showed runamounts of PKG type I in homogenates prepared from down were excluded from the analysis by only accepting enzymatically dissociated atrial and ventricular cells was the data from cells in which I was stable in the control Ca performed by using a method we described [15] we use a two dimensional gel imaging system (ALPHA MgATP, 5 Na creatine phosphate, 0.4 GTP (Tris), 0.1 2 IMAGER 2000, documentation and analysis system, Alpha leupeptin, pH 7.2. Modifications to these solutions are Innotech, USA) with multiple atrial and ventricular prepadescribed below as appropriate for specific protocols.
rations and purified PKG as positive control run on Methylene blue, 8BrcGMP, isoproterenol, IBMX and different tracks of the same gel. Peak area obtained for GSNO were obtained from Sigma (St. Louis, MO, USA), atrial and ventricular bands was normalized using peak KT-5823 and PKA inhibitor (PKI, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] We have shown previously [16] that activation of cleavage of GSNO, we tested three cells by applying 30 soluble G-cyclase by the NO donor nitrosoglutathione mM GSH in the extracellular solution with no effect on I Ca (GSNO) increases basal I in newborn rabbit ventricular (data not shown). To determine whether the stimulatory effect of cGMP on basal I is through its action on PKG or through its rizes the effects of 100 mM GSNO applied alone, 0.6 mM KT-5823 applied alone, and the application of 100 mM the addition of 100 mM GSNO in the continuing presence GSNO in the continuing presence of KT-5823. The of 10 mM ODQ on basal I in rabbit atrial cells. A 10-mM average basal I was increased by 77% (177625% of Ca Ca ODQ solution produced a significant inhibition of basal I control) by 100 mM GSNO alone and was decreased by Ca by 25% (from 6.861.1 to 5.160.6 pA / pF, n55, P, 42% by 0.6 mM KT-5823 (from 7.361.0 pA / pF to 0.05). To confirm whether the inhibitory effect of ODQ on 4.260.4 pA / pF, n55, P,0.05). The effect of 100 mM I is mediated by lowering of cGMP levels due to the GSNO in the continuing presence of 0.6 mM KT-5823 was guanylyl cyclase volvement of PDEs in the stimulatory effect of cGMP, we used IBMX, a nonspecific PDE inhibitor at a concentration To further evaluate the effects of altered levels of cGMP able to produce a more than 100% increase in I . Fig. 3 Ca on I , we used 8-bromo-cGMP (8BrcGMP, a also summarizes the effects on I of 10 mM IBMX alone Ca Ca nonhydrolyzable analog of cGMP) in the pipette solution and of 100 mM GSNO added in the continuing presence of pA / pF) in the presence of PKI, we then applied 10 nM peak B), indicating a high potency for isoproterenol. I Ca isoproterenol in the bath solution. The presence of PKI in was further increased with increasing doses of isothe pipette solution completely blocked the stimulatory proterenol and finally reached a maximum (23.8 pA / pF, effect of 10 nM isoproterenol and I further declined an increase by 290%) at 100 nM isoproterenol (peak E). Ca slowly to 3.8 pA / pF. We then applied 100 mM GSNO in I density returned to the control values on subsequently Ca the continuing presence of 10 nM isoproterenol and washing out isoproterenol (data not shown). 
Inhibition of PKG decreases the efficacy of activity is generally considered antagonistic to cAMP [4]. isoproterenol to increase I in rabbit atrial cells
To gain insight into the interaction of intracellular cGMP GSNO is abolished bands at the corresponding locations for the ventricular samples. The PKG type I levels were much higher in We further tested the interactions between cAMP and homogenates from atrial cells (n56) compared to vencGMP mediated pathways by investigating the effects of tricular cells (n56), from which PKG levels were too low increased cGMP levels in the presence of a low (1 nM) or to be detected. We quantified the relative amount of PKG maximal concentration (100 nM) of isoproterenol to type I in atrial and ventricular cells by normalizing the stimulate I . Fig. 8 summarizes the effects of 1 nM or 100 atrial and ventricular band density to PKG positive control.
Ca nM isoproterenol alone, the effects of 100 mM GSNO in The relative amount of PKG type I present in atrial cells the continued presence of the 1 nM or 100 nM isowas (61.9610.1 ng / mg protein, n56). The regulatory effects of intracellular cGMP on I are Ca generally mediated via three pathways that include cGMPlevels in newborn rabbit ventricular cells [16] . This stimulated PDE, cGMP-inhibited PDE and cGMP depenstimulatory effect of cGMP on I in newborn rabbit (PDE II) activity in human atrial myocytes. They showed argue the specificity of the compounds used to alter cGMP that EHNA (an inhibitor of adenosine deaminase that also levels (GSNO, ODQ and MB) and for inhibiting PKG blocks PDE II) increased basal I to levels comparable to (KT-5823). To confirm the specificity of methylene blue, Ca that achieved by 1 mM isoproterenol. They also showed we showed that the inhibitory response of methylene blue that intracellular perfusion of cGMP also increased basal was completely blocked in the presence of elevated cGMP I by 80%. In another study, the same group of inveslevels on I . (Fig. 2) . Similarly, the specificity of GSNO Ca Ca tigators [11] showed that in human atrial cells, SIN-1 (a was confirmed by showing that the stimulatory effect of NO donor) and cGMP increased basal I and suggested GSNO was completely blocked in the presence of ODQ Ca that cGMP-inhibited PDE (PDE III) plays a major role in and that reduced glutathione (a by-product of GSNO) had regulating I . They also suggested the contribution of no effect on I . For KT-5823, we used a dose (0.6 mM)
Ca Ca both cGMP stimulated and inhibited PDEs in the mainteslightly higher than its K for PKG (0.234 mM) and much i nance of basal cyclic nucleotide levels in human atrial lower than its K for PKA (.10 mM) [10] . Therefore, we i myocytes. These findings on atrial cells suggested that can conclude that the stimulatory effect of cGMP is cGMP stimulates I but no specific studies either inhibmediated via PKG activation and not via PDE inhibition.
Ca iting or stimulating PKG were done to assess the role of Each of these modulations are similar to those seen in this pathway in human atrial cells. In a recent study on newborn, but not adult, ventricular cells [16] . human atrial cells, Vandecasteele et al. [27] showed that Previous studies on the interaction of PKA and PKG acetylcholine decreased basal I by 39% and ODQ (a dependent pathways are also difficult to interpret. Both and in embryonic chicken ventricular cells [2, 17, 19, 28] . clearly shows that the stimulatory effect of PKA stimulaThe inhibitory effects of cGMP were generally attributed tion by isoproterenol was not blocked by intracellular to either the activation of cGMP-stimulated PDE or to application of 8BrcGMP and that GSNO produced additive activation of endogenous PKG. It has also been reported effect under intermediate stimulation of I by isoCa that cGMP increases I in adult guinea-pig, frog and proterenol. This suggests that the effects of cGMP and Ca human myocytes [11, 20, 21] and the stimulatory effect was cAMP are not antagonistic for rabbit atrial cells. We then primarily attributed to the inhibition of cGMP-inhibited showed that inhibition of PKG by KT-5823 lowered basal PDE by previous investigators. In contrast to these find-I and shifted the dose response relationship of iso- previously cloned PKG sequences from either bovine lung
